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Abstract
Due to the characteristics of the milling process, modeling workpiece dynamics during the machining of freeform surfaces is a challenge: The
relative movement between the milling tool and the workpiece leads to a variation of the excitation position, and the material removal process
results in changing modal parameters of the workpiece. In this paper, an ongoing work is discussed dealing with different modeling techniques
for the prediction of workpiece deflections: a finite element model, a particle-based approach, and an oscillator-based technique. These three
methods and their integration into a simulation system for the modeling of NC milling are presented and discussed by simulating the machining
of a turbine blade.
c© 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of Dr. Ir. Wessel W. Wits
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1. Introduction
The efficiency and reliability of a machining process, and
the quality of the resulting surfaces (Fig. 1) are influenced by
the dynamic behavior of the machining system, which consists
of the tool, the workpiece, and the machine tool [1]. The inter-
action between the machining process and the flexible structure
of the machining system can lead to vibrations. An important
type of these vibrations is called regenerative chatter [2], which
causes a modulation of the chip thickness and, thus, leads to a
variation of the cutting forces and results in a wavy surface of
the machined workpiece. The following time-delay differential
equation of motion
Mx¨ + Dx˙ + Kx = f(x(t), x(t− T ), t) (1)
with the mass, damping, and stiffness matrices M, D, and
K can be used to describe this effect [3]. Due to the time-
dependent characteristics of the cutting forces f depending not
only on the current deflection x(t), but also on the deflection
x(t − T ) one tooth rotation T earlier, no closed-form solution
function exists for the milling process. Therefore, time-discrete
simulation systems can be applied [4].
During the machining of thin-walled components like tur-
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Fig. 1: Examples of surface structures generated by milling with and without
chatter.
bine blades or integral components [5, 6], the dynamic charac-
teristics of the workpiece play a decisive role [7]. In order to
analyze this dynamic behavior, Eq. 1 has to be solved. This is
challenging since the mass and the shape of the workpiece are
modified during the material removal process [8, 9] and, thus,
the matrices M, D, and K are process-state-dependent [10, 11].
Most of the research work known in literature uses the finite
element method (FEM) or integrate this method into a time-
domain simulation system [12]. In 1980, Kline et al. [13]
analyzed the static behavior of the workpiece during the ma-
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Fig. 2: Coupling of the hybrid simulation system.
chining of thin plates using the FE method, but they did not
take the regenerative effect into account. Davies and Balchan-
dra [14] modeled the workpiece as an isotropic plate with one
significant vibrational mode. An approach analyzing the static
and quasi-static form error was developed by Denkena et al.
[15]. While a lot of research work deals with the simulation
of the three-axis milling process [16, 17, 18], Biermann et al.,
for example, presented an approach for modeling workpiece
dynamics during the five-axis milling process [12].
Based on the chatter stability model proposed by Altintas
and Budak [19], several analytical approaches exist which use
frequency response functions (FRF) of the machined work-
pieces [10]. As a result of the material removal, these FRFs
are constantly changing during the milling process. In order to
determine these varying FRFs, Adetoro et al. [20] presented
an FE-based approach and showed its applicability by simula-
ting the stability behavior of a simple test workpiece. Alan et
al. [10] also developed an efficient approach for updating these
FRFs using a structural modification method and discussed its
practicability by predicting the dynamic behavior of thin plates.
Overall, one of the main challenges during the simulation of
workpiece dynamics is to efficiently incorporate the material
removal process into the model of the workpiece. In the fol-
lowing, three implemented modeling techniques and their ap-
plicability for simulating the machining of a turbine blade are
presented and discussed.
2. Hybrid Approach for the Simulation of NC Milling
The basis for this ongoing work is a software system which
was developed for the simulation of the NC milling of freeform
surfaces and which is described in detail by Surmann [21]. In
order to simulate the machining process, the milling tool and
the workpiece are described using the CSG (Constructive Solid
Geometry) technique [22], which allows an accurate and fast
modeling of the material removal process and, thus, of the ma-
chined chips by using Boolean operations [22]. Based on the
analysis of the uncut chip thickness, the cutting forces are cal-
culated using the Kienzle equation [23].
The model for predicting workpiece vibrations was inte-
grated into this simulation system [12] to allow the feedback
of forces and deflections (Eq. 1). This module, which contains,
e.g., a finite element model, can easily be substituted by an
oscillator-based model while retaining the module for the cal-
culation of the cutting forces and the coupling between those
two parts (Fig. 2). The simulation system and the coupling are
described in [4, 12] in detail.
3. Test Workpiece
In order to analyze the implemented modeling techniques,
a turbine blade (EN-AW7075) with a blank dimension of
50 mm×30 mm×80 mm was chosen as test workpiece (Fig.
1). This turbine blade was machined on a HSC five-axis milling
machine Deckel Maho DMU 50 eVolution using a milling tool
with a ball-end geometry (d = 6 mm). A detailed description of
the experimental setup can be found in [12].
In Fig. 1, close-up views of different surface areas of the
turbine blades are presented. RStable and RUnstable denote surface
areas resulting from a stable and an unstable phase during the
roughing process. Analogously, FStable and FUnstable mark surface
areas machined in a finishing process. Based on these areas,
the applicability of the different modeling techniques will be
discussed in the following.
4. Modeling the Dynamic Workpiece Behavior
In order to model the dynamic behavior of the workpiece
during the machining, the differential equation of motion
Mx¨ + Dx˙ + Kx = f(t) (2)
has to be solved for each time step in the simulation. For
this purpose, the FEM, a point-based approach, and an oscilla-
tor model were implemented and integrated into the simulation
system.
4.1. Finite element method
In previous works, a finite element model was used (Fig.
3a) to model the dynamic workpiece behavior [12]. Close-up
views of simulated workpiece surfaces after the finishing pro-
cess are presented in Fig. 3b, which correspond to the areas
FStable and FUnstable in Fig. 1. A difference between the stable and
the unstable parts is clearly visible [12].
Similarly to the simulation of chip formation using the FEM
[24], one of the main problems using this approach is the effi-
cient treatment of the complex mesh-modification and remesh-
ing task (Fig. 3a). Therefore, only a small surface area ma-
chined during the finishing process was simulated in detail (Fig.
3b). However, the simulation of the roughing process using this
approach is not practical.
4.2. Particle-based approach
An alternative modeling technique to the FEM are particle-
based approaches. They can be divided, e.g., into methods
using a background mesh and into completely mesh-free ap-
proaches [25]. The Material Point Method (MPM) is, for exam-
ple, an FE-based particle approach which is used, e.g., to simu-
late fluid or solid dynamics. In contrast to the mesh representa-
tion in the classical FE method, the continuum is described by
material points which can move through a background mesh
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Fig. 3: FE model. a) Example mesh of the turbine blade. b) Simulated work-
piece surfaces after the finishing process.
(Fig. 4). This modeling technique allows the simulation of
large material deformations - like crack propagation [26] - be-
cause no remeshing step is required.
In Fig. 4, initial results of this work are presented. The FE
approach was substituted by a point-based method (Fig. 2).
Although the computation time for the MPM is higher than for
a classical FEM since a mesh and material points have to be
taken into account, the complex remeshing step is not necessary
for modeling the material removal process.
4.3. Oscillator model
In contrast to the FE- or particle-based approaches, the use
of oscillator models to describe the dynamic behavior of the
workpiece does not explicitly provide geometrical informa-
tion about the components. Moreover, the dynamic charac-
teristics are described by the modal parameters (modal mass,
damping, and eigenfrequency) which are determined from fre-
quency response functions at different positions on the work-
piece [10]. These FRFs are determined using FEM at diffe-
rent positions and additionally at different time-steps to get a
process-state-dependent description of the dynamic behavior
(Fig. 5). In the implemented approach, these modal parame-
ters are directly linked to the NC positions in order to take this
process-dependent information during the simulation run into
account [27].
Using this modeling technique, the preprocessing for de-
termining the process-state-dependent modal parameters and,
thus, to generate the oscillator models is a time-consuming
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Fig. 4: Particle-based approach. a) Illustration of the material points and the
background mesh. b) Simulated results.
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Fig. 5: Determining the process-state-dependent modal parameters at different
stages of the NC program.
task, whereas the use of the oscillator models during the simu-
lation run is – compared to the FE- or particle-based approaches
– very efficient. Thereby, not only the finishing, but also the
roughing process can be simulated. In Fig. 6, initial simulation
results of machining a turbine blade using this implemented
oscillator-based approach are presented. The differences bet-
ween the stable and the unstable surface areas are clearly visi-
ble (cf. Fig. 1).
5. Discussion and Outlook
In this paper, an ongoing work about modeling workpiece
vibrations during NC milling was presented and the simulation
results of machining a turbine blade were discussed. The use
of the finite element approach showed qualitatively good re-
sults, but, due to a high computation time and due to a high
remeshing complexity, only the finishing process of a small
area of the workpiece could be simulated in detail. To over-
come the remeshing problem, particle-based models seem to
be advisable. Initial results of an implemented material-point
method were presented. Nevertheless, the computation time for
this particle-method is higher than for the FE approach. There-
fore, the use of completely mesh-free algorithms, like Limido
et al. [28] or Uhlmann et al. [29] applied for the simulation of
chip formation, is reasonable in this context. Promising results
for the roughing and the finishing process of the turbine blade
were also achieved using the oscillator-based model. While the
computation time for simulating the workpiece deflections is
the smallest of the three presented approaches, the preproces-
sing for determining the process-state-dependent modal para-
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Fig. 6: Oscillator-based approach. Simulated results of the workpiece surfaces
after the roughing and the finishing process.
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meters is time-consuming. In future works, a more automated
approach for calculating the frequency response functions will
be developed.
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